Anion exchange membranes (AEMs) find widespread applications as an electrolyte and/or electrode binder in fuel cells, electrodialysis stacks, flow and metal-air batteries, and electrolyzers. AEMs exhibit poor stability in alkaline media; their degradation is induced by the hydroxide ion, a potent nucleophile. We have used 2D NMR techniques to investigate polymer backbone stability (as opposed to cation stability) of the AEM in alkaline media. We report the mechanism behind a peculiar, often-observed phenomenon, wherein a demonstrably stable polysulfone backbone degrades rapidly in alkaline solutions upon derivatization with alkaline stable fixed cation groups. Using COSY and heteronuclear multiple quantum correlation spectroscopy (2D NMR), we unequivocally demonstrate that the added cation group triggers degradation of the polymer backbone in alkaline via quaternary carbon hydrolysis and ether hydrolysis, leading to rapid failure. This finding challenges the existing perception that having a stable cation moiety is sufficient to yield a stable AEM and emphasizes the importance of the often ignored issue of backbone stability.
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alkaline fuel cells | anion exchange membrane degradation | water electrolysis | quaternary benzyl ammonium cations T here have been intensive research efforts directed toward the development of anion exchange membranes (AEMs) for solidstate alkaline fuel cells (AFCs) and water electrolyzers in recent years (1) (2) (3) (4) (5) (6) . These devices permit the use of non-platinum-groupmetal electrocatalysts for the oxygen reduction/evolution and hydrogen oxidation/evolution reactions (7) (8) (9) (10) (11) . Besides their use in AFCs, AEMs are highly relevant for other electrochemical energy conversion/storage devices such as redox flow batteries, electrodialysis stacks, and metal-air batteries (6, (12) (13) (14) . The renewed interest in AFCs has led to many studies directed toward improving the hydroxide ion conductivity of AEMs, a property that is inherently limited by the lower intrinsic mobility of the hydroxide ion. Approaches have included investigating new fixed cation chemistries and/or modification of the polymer electrolyte membrane network (e.g., cross-linking, spacer chain pendants, and block copolymers) (15) (16) (17) . These efforts have facilitated an order of magnitude gain in hydroxide ion conductivity (roughly 10
) (15, 18, 19) . AEMs have traditionally exhibited poor chemical stability in alkaline environments. The poor alkaline stability of AEMs is an important issue that has received much less attention than AEM ionic conductivity. This issue has limited the use of AEMs in applications that involve exposure to hydroxide ions, a potent nucleophile (12) . The primary AEM degradation modes involve hydroxide ion attack on the fixed cation groups of AEMs, leading to Hoffman elimination (1, 10, 11) , direct nucleophilic substitution (1-3), and chemical rearrangements induced through ylide intermediate formation (2, 3, (20) (21) (22) . Each of these degradation mechanisms results in rapid loss of ion exchange capacity, and hence ionic conductivity (2, 3, 23) .
Quaternary trimethylammonium (TMA + ) has been the cation most commonly used in AEMs (2, 3) . A few other promising cations evaluated include pentamethylguanidium, quaternarized diazabicylco[2.2.2]octane, N,N,N,N-tetramethyl-hexanediammonium, 1-methylimidazoliium, and tris(2,4,6-trimethoxyphenyl) phosphonium (16, (24) (25) (26) (27) (28) (29) (30) (31) (32) . Most of these cations exhibit some level of alkaline stability, but comparison of the reported alkaline stability data are difficult because most of the experiments performed were carried out under different conditions (e.g., alkali concentrations and temperature) and used different characterization methods to assess stability (e.g., 1D
1 H NMR, infrared spectroscopy, change in ion-exchange capacity, and change in ion conductivity). Furthermore, researchers have affixed the cation groups to a multitude of different polymer backbone materials and, sometimes, have used different chemical substituents to connect the cation to the polymer backbone. Surprisingly, identical cations (e.g., trimethylammonium and 1-methylimidazolium) attached to different polymer backbones with the same connecting moiety yielded starkly varying results with regard to alkaline stability (25, (33) (34) (35) (36) .
It is becoming increasingly apparent that the polymer backbone chemistry plays a strong role in dictating the alkaline stability of the fixed cation. Although some work has been done on stabilizing cations, an often overlooked aspect of AEM alkaline stability is the chemical degradation of the polymer backbone. Partially fluorinated aromatic polymers, such as polyvinylidene fluoride, are known to degrade in alkaline media via dehydrofluorination (37) (38) (39) . However, there is very little information on the durability of the more frequently used hydrocarbon-based backbones. Couture et al. (3) and Merle et al. (2) have recently reviewed polymer backbone types for preparing homogenous and composite AEMs. Both these reviews provide a comprehensive list of available hydrocarbon backbones for making AEMs, but they offer little information with regard to their suitability/stability in alkaline environments. Of the many available polymers for preparing AEMs, polysulfone (PSF) has been a very attractive candidate and is the most commonly used aromatic hydrocarbon backbone due to its excellent oxidative stability, ease of preparation into AEMs (ease of derivatization and tractability toward film formation), ability to be solubilized for making AEM electrode binders, low cost, and ready availability (2, 3, 32) .
This paper addresses the issue of polymer backbone durability in PSF AEMs exposed to alkaline solutions. Specifically, this study aims to settle the controversy that exists regarding the durability of PSF in alkaline environments. A recent review has summarized reports stating that PSF AEMs become brittle in alkaline solutions (3). However, the review mentions other reports stating that PSF AEMs do not become brittle in alkaline media (38) PSF AEMs became brittle in alkaline media, but they could not decipher the reason for this phenomenon through infrared measurements. They speculated ether hydrolysis to be the cause of brittle films, but this seemed counterintuitive because ether bonds have excellent hydrolytic stability and PSF is reported to be resistant to hydrolysis (41 (36, 37, 43) . These methods have not been able to specifically resolve the different chemical moieties present, and thus they are not as accurate as one would like. This has rendered it difficult to conclusively identify the mechanism of chemical degradation in AEMs, because precise identification of the degraded chemical structure/moieties is essential to gain mechanistic insights that could aid in the design of more robust materials.
In this study, 2D NMR tools, namely correlation spectroscopy (COSY) and heteronuclear multiple quantum correlation spectroscopy (HMQC), have been used in an attempt to lend rigor to the identification of degraded species upon exposure of PSF-based AEMs to alkaline solutions. Using these methods, we unequivocally confirm that (i) PSF and chloromethylated PSF by themselves are stable in alkaline media and (ii) functionalization of PSF with relatively stable cation groups tethered to the benzyl position of the diphenylpropane group in PSF resulted in backbone degradation upon exposure to alkaline solutions by both quaternary carbon and ether hydrolysis. Fig. 1 illustrates both degradation mechanisms. Based on this evidence, it is postulated that the cation moieties in the AEM delocalize the nearby electronic structure, leading to positive dipole moments on the quaternary carbon and ether groups. This in turn renders these sites very attractive for nucleophilic attack (i.e., the tethered cation triggers backbone degradation in the otherwise resilient PSF).
Results and Discussion
Representative COSY and HMQC NMR spectra of PSF before and after exposure to 1 M and 6 M KOH at 60°C are shown in SI Appendix, Figs. S1-S6, and the alkaline-exposed PSF spectra were identical to pristine PSF. Similarly, chloromethylated PSF Figs. S7-S12) .
In stark contrast, the HMQC NMR spectra for PSF-TMA + (Fig.  2) C chemical shifts when these AEMs were exposed to 1 M and 6 M KOH solutions at 60°C. Specifically, Fig. 2B (zoomed-in HMQC spectra) shows the formation of degradation product A, phenylpropane alcohol, at 1.2 ppm for 1 H and 30 ppm for 13 C for degraded PSF-TMA + (exposed to 1 M KOH). SI Appendix, Fig. S18 shows the formation of degradation product B, phenyl alcohol, at 6 ppm for 1 H and 120 ppm for 13 C for degraded PSF-TMA + (exposed to 6 M KOH). These degradation products are the result of quaternary carbon hydrolysis and ether hydrolysis, respectively. SI Appendix, Figs. S13-S18 give the full (not zoomed-in) COSY and HMQC NMR spectra of the PSF-TMA + before and after exposure to 1 M or 6 M KOH. SI Appendix, Figs. S19-S24 give the full (not zoomed-in) COSY and HMQC NMR spectra of PSF-DMP + before and after exposure to 1 M or 6 M KOH. (Fig. 2B) , but the Stevens rearrangement product demonstrated this proton coupling at 20 ppm for 13 C (SI Appendix, Fig.  S27 ). Based on the available AEM alkaline stability literature, it was previously not known that the quaternary carbon on the PSF backbone could hydrolyze in alkaline environments. Thus, using 1 H NMR data alone would have resulted in an incorrect interpretation of the degradation product, and hence the incorrect degradation mechanism (ylide-intermediate Stevens rearrangement vs. quaternary carbon hydrolysis of the PSF backbone).
The kinetics of quaternary carbon hydrolysis and ether hydrolysis of PSF-TMA + exposed to 1 M KOH and 6 M KOH at 60°C are reported in Fig. 4 A and B , respectively. Quaternary carbon hydrolysis was significant for AEM samples exposed to 1 M KOH solutions and was weak for samples exposed to 6 M KOH solutions (Fig. 4A) . Ether hydrolysis occurred at a greater rate in the samples exposed to 6 M KOH than in those exposed to 1 M KOH for both PSF-TMA + and PSF-DMP + (Fig. 4B) . Quantification of the extent of degradation of ether and quaternary carbon bonds was done by integrating the peaks in the 1 H NMR spectra. Note that the precision of the data is slightly limited because the numerical integration of 1 H NMR spectra is usually restricted to within 5-20% precision (45) . From the data in Fig. 4 , it was postulated that quaternary carbon hydrolysis required water in one of the intermediate reaction steps for the degradation mechanism to proceed. This postulate was based on the observed faster kinetics for quaternary carbon hydrolysis in more dilute KOH solutions. PSF-TMA + and PSF-DMP + exposed to 6 M KOH solutions, as opposed to 1 M KOH solutions, exhibited a faster rate of ether hydrolysis because the activity of the hydroxide ion in 6 M KOH is greater. The rates of hydrolysis of quaternary carbon and ether bonds were greater in PSF-DMP + than in PSF-TMA H NMR spectra before and after exposure to 1 M KOH). Degraded PSF-TMP + had poor solubility in DMSO-d6 and CDCl 3 ; thus, collecting HMQC spectra was not possible. However, the AEM films in these cases remained mechanically intact and flexible and did not become brittle. Based on the observed mechanical integrity of these films, it was postulated that the hydrolysis of the PSF backbone did not occur in these instances because the TMP + cations degraded rapidly, obviating the charge redistribution that triggered quaternary carbon and ether hydrolysis in the PSF backbone. This served as further confirmation of the role of the cation site in triggering backbone degradation in PSF.
Conclusions
In conclusion, the pioneering use of 2D NMR spectroscopy to study AEM degradation has elucidated the mechanism of backbone hydrolysis in a PSF-based AEM exposed to alkaline solutions. We have demonstrated that having a stable cation is a necessary, but insufficient, prerequisite for having an AEM that is durable in alkaline media. Even relatively stable cations, when affixed to the benzyl position in PSF, regardless of the cation chemistry attached, will result in brittle PSF AEMs due to backbone hydrolysis at both the quaternary carbon and the ether position. This contradicts the prevailing perception that cation stability primarily dictates AEM stability. It is postulated based on this study that the use of pendant groups, such as alkyl chains, separating the fixed cations from the ether and quaternary carbon bonds may stabilize the PSF backbone.
Materials and Methods
Synthesis. and PSF AEM) were characterized by NMR before exposing them to solutions for assessment of chemical stability. After the samples were pulled from their storage environment at a particular time point, they were rinsed thoroughly with deionized (DI) water, ion-exchanged to the chloride form, rinsed thoroughly with DI water, and then vacuum-dried.
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